ABSTRACT: Changes in the growth of the Japanese sardine Sardinops melanostictus during a period of declining stock size was examined by using sardines sampled from 1990 to 1996 in Tosa Bay, south-western Japan, one of the main spawning grounds on the Pacific coast of Japan during February and March. The growth parameter k-values of the von Bertalanffy growth equation of female sardines were small in the 1987-1990 years classes, while the values for the 1991-1992 years classes were larger, which corresponded closely with the decrease in catch of the sardines in southwestern Japan, suggesting that there are density-dependent effects on the growth of sardines in Tosa Bay. In contrast, the body length decreased since the 1993 years class, but the fatness of female sardines improved after 1993. Since 1994, many I year females with transparent eggs in the ovaries have been collected from Tosa Bay. It is speculated that good nutritional conditions of the 1993 year class led to maturation at an earlier age, and that the decrease of growth from the 1993 year class occurred due to the reduction of resources channeled to growth as a result of the maturation at I year.
INTRODUCTION
The Japanese sardine Sardinops melanostictus is one of the most important fishery resources in Japan. In the past, it has had repeated long-term and high-amplitude changes in the stock size. Biological characteristics such as growth, maturity age, distribution range and so on, have changed in association with the fluctuations in stock size. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] It has already been shown that an advance or a delay of growth in the Japanese sardine took place mainly due to density-dependent effects of fish populations on growth, such as food conditions per individual, [1] [2] [3] 6, 8, 10 and that a clear negative correlation was recognized between sardine body length and stock size. 8 The total catch of the sardines around Japan were at an extremely low level of 50 000 tons in the 1960s, but it increased since the early 1970s and reached a level of 4 500 000 tons in 1988. It has declined drastically again since 1989 and in 1993 the catch decreased to 1 700 000 tons. 11 During a period of stock increase in the 1980s, the spawning grounds of sardines expanded from the waters on the continental shelf along the Pacific coast of western and eastern Japan to the oceanic waters around the Kuroshio current, 7 and contracted again to the Pacific coast of western and eastern Japan with the stock decline in the 1990s, 12 Thus, both Pacific coastal waters can be recognized as one of the refuge areas 13 of the Japanese sardine. 12 Regarding the recent physical condition of the Japanese sardines in the 1990s during the period of declining stock size, there has been no report on the change of growth and fatness. Investigation of the changes in the growth and fatness of the sardine female is important for the estimation of stock size by annual egg production, and for the clarification of the mechanism of stock fluctuation, because the batch fecundity is known to be affected by the body length 14 and the fatness. 15 In the present report, the changes of growth and fatness in the Japanese sardine females during the period of declining stock size were examined by using sardines collected in Tosa Bay, located on the Pacific coast of western Japan, which is one of the main spawning grounds of the Japanese sardine.
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MATERIALS AND METHODS
Sampling, measurement and age determination
Sardines were collected with a mid-water drift gill net at night-time in Tosa Bay ( Fig. 1) during February and March, the main spawning season from 1990 to 1996. The mid-water drift gill net with mesh sizes of 33, 38, 43 and 48 mm (38, 43 and 48 mm in 1990 and 1991) in stretch length, 60 m in length and 10 m in height was set with its top at 20-40 m depth.
The sardines collected were stored with ice, and the scaled body length and the body weight of females were measured within 12 h of sampling to the nearest 0.1 cm and 0.01 g, respectively. To determine fish age, scales were removed from the dorsal side of the body between the posterior end of the operculum and anterior end of the base of the dorsal fin. After cleaning in 2% potassium hydroxide solution, five or six scales were mounted between two slide glasses to examine annual rings under a microscope. The scale reading methods of Japanese sardine developed by Nakai, 10 Kondo et al. 16, 17 and Sato et al. 18 were adopted in determining the age of the fish.
Analyses
Total number of the sardine females used for the analyses of body length and age was 2 325, of which 721 were sampled in February and 1604 in March (Table 1) . Individuals younger than 7 years were used in the calculation of the average body length by age group and by age year classes. The von Bertalanffy growth equation 19 was estimated for the six year classes from 1987 to 1992 using the finite difference diagram of Walford. 20 The variance of the residual and the slope of the finite difference diagrams among these classes were compared by analysis of covariance.
The equations of the scaled body length and body weight relationships for the seven year classes from 1987 to 1993 were calculated with a linear regression, Log 10 BW = a + b Log 10 L, and rewritten as follows, BW = cL d , where BW is body weight in grams, L is scaled body length in mm, and a, b, c and d are parameters. The variance of the residual and the slope of the regression lines were compared among these classes by analysis of covariance.
In addition, in order to determine the changes in body length-weight relationships by age, the condition factor (CF) of females by age group and by year class was examined using the following equation:
, where BW is body weight in grams, OW is ovary weight in grams, and L is scaled body length in mm.
RESULTS
Body length and age composition
Interannual changes in frequency distributions of the scaled body length and age of females in smaller than 200 mm in addition to the larger class observed in 1990-1993. Similarly, for the frequency distributions of age, single peaks were observed from 1990 to 1993 and the mode shifted from III to V years. Two modes were observed after 1994 due to the increase in the proportion of younger females with the decrease of females older than V years.
Interannual change of the average body length by age group
Interannual change of average body length by age group of female Japanese sardines from Tosa Bay in February and March from 1990 to 1996 are shown in Fig. 4 . The III years sardines increased in body length from 1991 to 1995. Similarly, the body length of the IV and V years sardines increased since 1992 and 1993, respectively. Furthermore, the body length of the IV and V years sardines showed an unchanged value from 1990 to 1991 and from 1990 to 1992, respectively. These results indicated 
Application of the von Bertalanffy growth equation
Average body length of females by age group and by year class is shown in Table 2 . The parameters of Walford finite difference diagrams of the six year classes from 1987 to 1992 are shown in Table 3 . High positive correlations (P < 0.025, F-test) were recognized in Walford finite difference diagrams of these year classes except for the 1990 class. Results of the analysis of covariance for these diagrams among these year classes are shown in 
where t is age in years and L t is scaled body length in mm. The values of the growth parameter k were smaller for the 1987-1990 years classes compared to the 1991 and 1992 classes, although significant differences in the slope of Walford finite difference diagrams were not found between the 1987 and 1992 years classes, and between the 1990 and 1991, 1992 classes. This indicates that growth was com- Table 2 . Results of the analysis of covariance for the Log 10 -transformed variables among the seven year classes are shown in Table 5 . Significant differences in the variance of the residual and the slope of the regression lines were not found among 1988-1990 years classes. Similarly, significant differences in the variance of residual and the slope of the regression lines were not found among 1991-1993 classes except for the slope between 1992 and 1993 classes. However, significant differences in the variance of the residual (P < 0.01 or 0.05, F-test) were found between 1987 and 1988, 1989, 1991, 1992, 1993, between 1988 and 1991-1993, between 1989 and 1992 , and between 1990 and 1992. Furthermore, significant differences in the slope of the regression lines were found between 1987 and 1991-1993, between 1988 and 1991-1993, between 1989 and 1991-1993, and between 1990 and 1991-1993 . Particularly, there were highly significant differences , where BW is the body weight (g), OW is the ovary weight (g) and L is the scaled body length (mm). 
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smaller than those of 1991-1993 classes, while parameters d of the former were larger than those of the latter. Therefore, the seven year classes could be divided into two groups, such as one group of the 1987-1990 years classes and the other of the 1991-1993 classes.
Condition factor by age group and by year class
Changes in the average condition factor of female Japanese sardines between 1990 and 1996 in Tosa Bay by age group are shown in Fig. 7 . The condition factors of I and II years sardines showed a high value from 1993 to 1996. Those of the III to VI years sardines had a tendency to increase from 1990 to 1996, and particularly large gains were observed in 1991 and 1993. Changes in the average condition factor of female Japanese sardines for the 1987-1993 years classes in Tosa Bay by year class are shown in Fig. 8 . The condition factor of the female sardines of the 1987 year class increased since VI year. Similarly, that of the sardines of the 1988, 1989 and 1990 years classes increased since V, IV and III years, respectively. However, the condition factor of the sardines of the 1991-1993 years classes showed a largely unchanged value of approximately 12 for all ages. These results show that the fatness of the sardines improved from 1993.
DISCUSSION
It is clear that the growth of Japanese sardine has changed in association with the fluctuations in stock size according to past studies, [1] [2] [3] 6, 8, 10 and a clear negative correlation was recognized between sardine body length and stock size. 8 Regarding the von Bertalanffy growth equation of the female Japanese sardines in Tosa Bay in the present paper, the growth parameter k-values were small in the 1987-1990 years classes, while the values for the 1991-1992 years classes were larger. This shows that the growth of 1987-1990 years classes was delayed under the phase of increasing stock size, while that of the 1991-1992 years classes advanced under the phase of decreasing stock size. The total catch of sardines around Japan peaked in 1988 and decreased rapidly from 1989, and that of the Pacific coast of south-western Japan from Kagoshima Prefecture to Mie Prefecture peaked in 1990 and decreased rapidly from 1991. [21] [22] [23] [24] [25] [26] [27] [28] Therefore, it seems that the growth of the sardines in Tosa Bay corresponded to the total catch in the local area rather than that around Japan, and that the sardines of the 1987-1990 years classes in Tosa Bay grew up under conditions of a high population density. Density-dependent effects on growth had a larger influence on these year classes than on the 1991 and 1992 classes, although the total catch may not be a good indicator of stock size.
Judging from the historical data of growth of the Japanese sardine on the Pacific coast of Japan (Table 6) The body length of the female sardines in Tosa Bay started to decrease from the 1993 year class (Fig. 4) , while their fatness improved from 1993 (Figs 7,8 ). Since 1994, many I year females with transparent eggs in the ovaries have been collected from Tosa Bay, south-western Japan 29 and Izu Islands area, central Japan, 30 while in the 1980s sardines around Japan started to spawn at III or IV years. 4 Therefore, it is supposed that good nutritional conditions of the 1993 year class led to maturation at an earlier age, and that the decrease of growth from the 1993 year class (Fig. 4) occurred due to the reduction of resources channeled to growth as a result of the maturation at I year.
The proportion of females younger than III years in Tosa Bay increased after 1994, while that of females older than V years decreased. After 1996, we could not catch females older than V years in Tosa Bay. It can be concluded that natural mortality of sardines increased, that is to say, their lifespan reduced due to the earlier start of spawning at I year, although it may be caused by a shift of the distribution of the older sardines to other areas, and by mortality due to fishing and predation in the coastal area as the spawning grounds contract.
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